Abstract: A synthesis of the 2-phosphathioethynolate anion,
Introduction
Multiple bonds involving elements with a principal quantum number greater than two were once thought to be inaccessible under the tenets of the double bond rule. [1, 2] This theory has since been thoroughly disproved, with countless examples of heavier main group systems containing multiple bonds that are kinetically and thermodynamically stabilised by substituents with high steric bulk. [3] For example, the diphosphene and the phosphaalkene pictured in Figure 1 can both be stabilised by large aromatic groups. [4] [5] [6] [7] Even formal P≡C triple bonds are stable when sterically encumbering substituents are employed, for example in phosphaalkynes. [8] By contrast, examples of multiply bonded main group element systems that are not sterically protected by bulky substituents are much rarer. One such case is the 2-phosphaethynolate anion, PCO -, the phosphorus analogue of cyanate, first synthesised as a lithium salt by Becker in 1992. [9] In this species, stabilisation of the P-C multiple bond is a consequence of negative charge delocalisation along the anion. This precludes common decomposition pathways such as oligomerisation (available to related species such as phosphaalkynes), because of electrostatic repulsion between monomers. Nevertheless, lithium salts coordination sphere of tungsten(0), the PCO -anion preferentially binds through the phosphorus atom in a strongly bent fashion, while NCO -and NCS -coordinate linearly through the nitrogen atom. Reactions between PCS -and W(CO) 5 -(MeCN) similarly afford [W(CO) 5 
(PCS)]
-; however, due to the ambidentate nature of the anion, a mixture of both the phosphorus-and sulfur-bonded complexes (4a and 4b, respectively) is obtained. It was possible to establish that, as with PCO -, the PCS -ion also coordinates to the metal centre in a bent fashion. of PCO -have significant covalent character, leading to a decrease in formal negative charge on the PCO -moiety. Consequently, [Li(dme) 2 ] [PCO] (dme = 1,2-dimethoxyethane) was found to be very sensitive to decomposition. Accordingly, very few accounts of the reactivity of the 2-phosphaethynolate anion were reported in the twenty years following its discovery. [10, 11] There has been renewed interest in the 2-phosphaethynolate anion over the last four years, stimulated primarily by novel and facile synthetic routes, which enable its isolation on multigram scales. [12, 13] These preparations yield the sodium and potassium salts, which are more ionic in nature and consequently more stable with respect to decomposition. There have been numerous reports of the use of the 2-phosphaethynolate anion as a precursor to original organophosphorus derivatives, [14] [15] [16] phosphorus-containing heterocycles, [12, [17] [18] [19] [20] [21] and as a phosphidetransfer reagent. [22] [23] [24] A recent report on tris(amidinate) actinide (Th, U) complexes of PCO -revealed an oxygen-bound terminal phosphaethynolate, whereas both the NCO -and NCS -analogues favoured nitrogen coordination. [25] This is attributed to the largely ionic nature of the bonding; as a result the E/X atom (E = N, P; X = O, S) with the greater negative partial charge preferentially binds to the actinide centre. This is in accord with a previous spectroscopic and computational study exploring the ambidenticity of the phosphaethynolate anion. [26] The groups of Grützmacher and Peruzzini have synthesised the only known transition metal complex of PCO -to date (reported alongside the cyanate analogue for comparison), in the form of [Re(η 1 -ECO)(CO) 2 (triphos)] (E = N, P; Figure 2 ). [27] In contrast to the actinide complexes, the two ECO -ligands both bind through the pnictogen atom, but in this case with different coordination geometries. The PCO -ligand coordinates in a strongly bent manner, with a Re-P-C bond angle of approximately 90°, whereas NCO -binds almost linearly and the Re-N-C bond angle approaches 180°. This was corroborated by computational calculations and is not merely an effect of crystal packing; however, crystallographic disorder in both rhenium structures precludes an accurate discussion of bond metric data. IR spectroscopy revealed that, despite this profound difference in coordination geometry, both ECO -ligands "exert indistinguishable effects on the [Re(CO) 2 (triphos)] fragment. " The aforementioned studies prompted us to carry out a more extensive exploration of the ligand properties of PCO -compared to those of NCO -. The metal complexes chosen for carrying out this analysis were those derived from the W(CO) 5 fragment. Many reactive species have been trapped and stabilised in the coordination sphere of this moiety, and as a result W(CO) 5 (L) complexes have been used as a benchmark for a multitude of experimental and computational ligand studies in the past, allowing a thorough comparison to other systems. From a practical perspective, the tungsten(0) centre is stable to reduction by the relatively reactive PCO -, a phenomenon which has previously plagued the coordination chemistry of this ligand. [27] Eur. J. (Figure 3 ). This value is too large to result from a three-bond scalar coupling, as would be anticipated for oxygen-bound PCO -. Therefore, it must be due to a one-bond coupling arising from phosphorus coordination; however, typical 1 J P-W coupling constants are of the order of 250 Hz. We believe that our recorded value is small, because bonding to the tungsten metal centre predominantly occurs through one of the phosphorus p orbitals. The Fermi-contact mechanism is crucially dependent on the s character of the bond, as only the s orbitals have a non-zero probability of having electron density at the nucleus. This would be the case if PCO -was bound in a side-on manner with a W-P-C bond angle of approximately 90°, in an analogous manner to the rhenium structure reported by Grützmacher, Peruzzini and co-workers. The lone pair on phosphorus for this compound was calculated to have very high s character (68 %). [27] This low 1 J P-W coupling constant can therefore be perceived as a spectroscopic indicator of side-on bonding. The proposed bonding mode was confirmed by single-crystal X-ray diffraction studies. Large, yellow, block-shaped crystals were grown by slow diffusion of hexane into a THF solution of [K(18-crown-6)] [1] , and the crystallographic analysis clearly shows PCO -to be bound through the phosphorus atom in a bent geometry. Unfortunately, crystallographic disorder causes the PCO -moiety to be disordered over two positions trans to one another, with the carbonyl group occupying the other position 50 % of the time. This precludes the accurate analysis of bond metric data, particularly the W-C bond length trans to the PCO -anion, which is one of the parameters we were most interested in to probe the properties of the ECO -ligands. [2] ) was synthesised and crystallised in a similar manner. Although this anion has long been known, commonly synthesised by the reaction of tungsten-hexacarbonyl with an azide salt, previously it has only been characterised spectroscopically. [28] [29] [30] [31] [32] [K(18-crown-6)] [2] did not exhibit any crystallographic disorder and revealed the NCO -to be nitrogen-bound in an almost linear fashion.
To extend this study we also synthesised the thiocyanate complex, [K(18-crown-6)][W(CO) 5 (NCS)] ([K(18-crown-6)] [3] ). This anion has also been studied spectroscopically; however, to the best of our knowledge, no crystal structure for it has been reported to date. NCS -is an archetypal ambidentate ligand; it is able to bind through either the nitrogen or the sulfur centre depending on the metal in question. Previous IR spectroscopic studies on the [W(CO) 5 
(NCS)]
-anion suggested that the ligand is nitrogen-bound in this complex. [33, 34] This is due to the decrease in charge on the metal centre compared to that for the isoelectronic Mn I complex, in which the ligand is bound through the sulfur atom. [35] The crystal structure of [K(18-crown-6)] [3] confirms that the ligand is nitrogen-bound in an end-on manner.
[K(18-crown-6)][1] exhibited extensive crystallographic disorder, and hence the structure was not suitable for a discussion of bond metrics; therefore, both 1 and 2 were synthesised by using different counter-cations. An exchange of the potassiumsequestering agents led to the formation of [K(2,2,2-crypt)][W(CO) 5 [12] In contrast, the coordinated cyanate ion in 2 has a significantly longer C1-O1 bond length of 1.221(4) Å and a short N1-C1 bond length of 1.156 (4) [36] This is consistent with the bonding model proposed by Grützmacher, Peruzzini and coworkers for the rhenium complexes. [27] Figure 4 ). 
. Anisotropic displacement ellipsoids are pictured at 50 % probability. All hydrogen atoms are omitted for clarity.
The bond metric data for [K(18-crown-6)] [3] are very similar to those of [K(18-crown-6)] [2] . This implies that the nitrogenbound NCO -and NCS -ligands coordinate in a similar manner; the NCS -ligand binds end-on with contributions from the two different resonance structures described above. There was no evidence for sulfur-bound NCS -coordination products in any of the experiments carried out.
The
A search of the CSD for tungsten-pentacarbonyl fragments bearing a phosphorus-bound ligand returned a mean W-P bond length of 2.513 Å and revealed that our value is only slightly shorter than the maximum value of 2.686(4) Å. [37] This latter value is from the tris(tert-butyl)- Table 2 . One-bond coupling constants for cis and trans carbonyl groups (in Hz).
[ phosphine-tungsten-pentacarbonyl complex, W(CO) 5 (PtBu 3 ), where the long bond length primarily arises from the large steric bulk of the phosphine (the Tolman cone angle is 182 ± 2°). [38, 39] In our system, steric constraints are relatively insignificant, and instead the long bond is another manifestation of the fact that the bonding is predominantly p-orbitalbased. This is substantiated further by comparison of the 1 J P-W coupling constants between the two species; despite the similar bond lengths, the value for W(CO) 5 (PtBu 3 ) is of a typical magnitude (228.5 Hz). [40] This implies that the low coupling constant
is not a result of the length of the W-P bond, but instead is due to the orbitals involved in bonding to the metal centre.
The trans influence, also known as the structural trans effect, is a ground-state phenomenon, not to be confused with the kinetic trans effect. It is most commonly assessed in terms of the length of the metal-ligand bond trans to the ligand in question derived from crystallographic data. The W1-C trans bond length, that is, the bond length trans to the ECX -ligand, is
. This suggests that the three ligands have the same net electronic properties; however, these experimental data do not allow us to deconvolute the σ and π effects. The W1-C cis bonds are significantly longer than W1-C trans bonds in all cases, which implies that the ECX -ligands have a weaker trans influence than the CO ligands, as expected.
Another useful method of assessing the trans influence is available through NMR spectroscopy studies. The 1 J W-C coupling constant of the carbonyl group trans to the ECX -ligand obtained from the 13 C NMR spectrum is dependent on the trans influence of this ligand, a higher value of 1 J W-C indicating a weaker trans influence. The strong W-C bond, strengthened by the large π-accepting ability of the CO ligand, makes it more sensitive to variations in ligand properties and therefore an ideal probe for studying this effect. [41] A study of this type has previously been carried out by Buchner and Schenk, where a range of monosubstituted tungsten-carbonyl complexes, including the NCS -species, were assessed. [34] The magnitude of a one-bond coupling constant can be taken to reflect the σ-donating ability of the ligand in the trans position. If the ECX -ligand trans to a CO makes a lesser demand for the tungsten 6s orbital, then a rehybridisation will occur to increase the contribution from this orbital to the W-C bond. Perturbation theory by Burdett and Albright has shown that the W-C bond will be strengthened if there is an increase in the energy difference between the donor orbitals of the ECX -ligand and the tungsten acceptor orbital, or if there is a decrease in the overlap integral of the W-E bond. [41] The coupling constant data are shown in the [K(18-crown-6)] + salts will be discussed (all values are given in the Experimental Section). The coupling constants to the cis carbonyl groups vary only to a small degree, which is entirely consistent with previous studies. [34] Thus, when E = P, the values all tend to be approximately 125 Hz, and N-donors give slightly higher values of approximately 130 Hz.
The coupling constants to the trans carbonyl groups are more characteristic of the bonding properties of the ECX -ligand. The value for [K(18-crown-6)][1] is significantly higher (168.6 Hz) than those for the two NCX -complexes ( Figure 5 ). This implies that the PCO -ligand exerts a weaker trans influence, leading to a stronger W-C trans bond and a greater Fermi interaction. In fact, this value is much larger than those for the other phosphorus-based ligands included in prior studies, where typical coupling constants for phosphine ligands are around 140 Hz. From these NMR spectroscopic data, we can infer that PCO -acts as a weak σ-donor and negligible π-acceptor. By contrast, NCO -and NCS -are stronger σ-donors; however, as a result of their increased π-acceptor ability relative to PCO -, they have a similar net electronic effect, which is manifest in similar W-C trans bond lengths and IR spectra (vide infra). . The signs associated with the coupling constants are described in ref. [34] The 2-Phosphathioethynolate Anion, PCS - We sought to extend this study to incorporate the heavier group 16 analogue, PCS -. The latter was originally synthesised as the lithium salt by Becker in 1994. [42] One of the reported syntheses was the reaction of O,O′-diethyl thiocarbonate with lithium bis(trimethylsilyl)phosphide, by analogy with the original preparation of PCO -. [9] More interesting to us was an alternative synthesis, which entailed the direct reaction of PCO -with one equivalent of CS 2 We reasoned that, by analogy with PCO -, the formation of an alkali metal salt of PCS -other than that of lithium would make the compound easier to handle and the anion more amenable to further study. This factor, combined with a judicious choice of solvent, allows us to now report the first room-temperature synthesis of PCS [42] These solutions can be kept at room temperature for several weeks with no apparent decomposition. The same reaction can be carried out in 1,2-difluorobenzene (1,2-DFB); however, the solution gradually darkens over several hours after addition of CS 2 , although product formation is still clean by 31 P NMR spectroscopy. We believe that these solvents are particularly effective because 1,2-DCB and 1,2-DFB are both highly polar but also relatively non-coordinating. By comparison, if the reaction is carried out in THF under the same conditions, a copious amount of dark precipitate is rapidly produced and only a very weak signal corresponding to PCS -is observable in the 31 P NMR spectrum after a couple of hours.
Pale yellow needles suitable for single-crystal X-ray diffraction were obtained, and this analysis revealed PCS -to have a linear triatomic structure with close electrostatic interactions to two neighbouring [K(18-crown-6)] + cations through the P1 and the S1 atoms ( Figure 6 ). This leads to one-dimensional chains of alternating anions and cations propagating through the lattice, akin to those of [K(18-crown-6)][PCO]. [12] However, the P1 and S1 atoms are rendered indistinguishable in the crystal structure due to an inversion centre on the central C1 atom of the anion. This is a manifestation of the comparable C=P and Figure 7 . 31 . Anisotropic displacement ellipsoids are pictured at 50 % probability. All hydrogen atoms are omitted for clarity. Symmetry operation ′:
Analogous reactivity was investigated for the [Na(1,4-dioxane) x ][PCO] salt (1 < x < 3). In this case, the starting material is completely insoluble in 1,2-DCB, presumably because of the stable three-dimensional network of octahedrally coordinated Na + cations bridged by 1,4-dioxane units. [13] Unsurprisingly, this meant that no reactivity was initially observed upon addition of the CS 2 . However, addition of one equivalent of 18-crown-6 to this sample led to the immediate darkening of the reaction mixture and the formation of [Na (18- + salt of PCS -will be discussed henceforth {the structure of the [Na(18-crown-6)] + salt is provided in the Supporting Information}.
Reaction of W(CO) 5 (MeCN) with a 1,2-DCB solution of PCS -led to a darkening of the solution.
31
P NMR spectroscopy revealed the slow emergence of two resonances of almost equal intensity either side of the free PCS -anion after several days ( Figure 7) . These two resonances occur at -192.6 and -92.9 ppm and have been attributed to the phosphorus-bound and sulfurbound species 4a and 4b, respectively, due to the ambidentate nature of the PCS -ligand (vide infra). These were distinguishable by the presence of the 183 W satellites on the phosphorusbound resonance only. The change in chemical shifts relative to free PCS -is also consistent with this assignment. For 4a, there is an upfield shift, similar to that observed for [K(18-crown-6)] [1] , while for 4b a downfield shift is observed, akin to those for the oxygen-bound An-OCP species (An = Th, U) discussed previously. The 1 J W-P coupling constant is only 46.0 Hz, which is a spectroscopic indication that the PCS -is bound in a side-on manner mainly through a p orbital, as in [K(18-crown-6)] [1] .
Crystals suitable for single-crystal X-ray diffraction were grown by slow diffusion of hexane into a 1,2-DFB solution of the product (Figure 8) . Unfortunately, extensive crystallographic disorder makes the unambiguous assignment of the product difficult. The structure certainly contains a PCS -ligand coordinated to a tungsten-pentacarbonyl centre, but whether it is phosphorus-bound, sulfur-bound, or indeed a combination of the two, is non-trivial, as the residual electron densities change very little between the various refinements. The final solution has been modelled as sulfur-bound, as this gave a slightly lower R1(all data) value of 2.29 %. The sulfur-and phosphorus-bound products are unstable in 1,2-DCB at room temperature over the course of approximately four days, as monitored by 31 P NMR spectroscopy. This, coupled with the fact that PCS -was very slow at displacing the acetonitrile ligand, meant that this reaction was unsuitable for obtaining a compositionally pure sample of either product. Extensive attempts were made to vary the reaction conditions. Carrying out the reactions at lower temperatures was not a viable option, as this further retarded the already slow rate of coordination. A range of other tungsten-pentacarbonyl precursors were used, including photolysis in the presence of tungstenhexacarbonyl, but all to no avail. We were further limited by 
Computational Studies
All the ECX -ligands were studied computationally by DFT with the B3LYP hybrid functional, and the results are in good agreement with experimental observations. Full details of the computational methods employed are provided in the Experimental Section.
The ability of the ECX -ligands to undergo linkage isomerism, that is, bind through either the E or the X atom, within the [W(CO) 5 
(ECX)]
-complex was probed. This was done by calculating the difference in energy between the X-bound and E-bound structures: ΔE link = E X-bound -E E-bound ( Table 3 ). In all cases the value is positive, which indicates that all the ECX -ligands preferably coordinate to the W(CO) 5 fragment through the E atom. However, in the case of PCS -the value is +3.5 kJ mol -1 , which is small and within the expected error of the calculations. This supports the earlier spectroscopic observations that the phosphorus-and sulfur-bound species 4a and 4b are formed in comparable ratios in the reaction of PCS -with W(CO) 5 (MeCN). Selected computed bond metrics of the five experimentally relevant complexes are presented in Table 4 , along with the data for the free ECX -ligands for comparison. For both PCX -ligands, phosphorus coordination leads to a lengthening of the P-C bond and a shortening of the C-X bond relative to the free anion. This is consistent with the proposed [M-P=C=X] -metallaphosphaketene structure and the crystallographic data discussed previously (A in Figure 9 ). Nitrogen coordination for the NCX -ligands leads to a slight shortening of the N-C and a larger contraction of the C-X bonds. We believe this is more consistent with the formulation [M-N=C=X] -(B1), although [3] . The crystallographic N-C bonds are shorter than their computational analogues in each case, and the C-X bonds are longer. This suggests that the structures derived crystallographically have a slightly greater contribution from resonance B2. This is presumably because the formal negative charge on the X atom in B2 can be stabilised by the localised K + cation, whereas these interactions are not present in the computational structures. When the PCS -ligand binds through the sulfur atom, the P-C bond shortens and the C-S bond lengthens relative to the free anion. This is consistent with resonance structure C containing a formal P≡C-S fragment (Figure 9 ). The optimised structures for 1 calcd. and 4a calcd. show that both PCX -species are bound side-on, with W-E-C bond angles of 99.4°and 104.0°, respectively. When the PCX -anions were repositioned to an end-on geometry, and the optimisation was constrained to C 4v symmetry, the optimised geometries each gave two imaginary frequencies (a second order saddle point), which correspond to two symmetric relaxations to the sideon geometry. This is consistent with the rehybridisation of the phosphorus atom to a lone pair of electrons and the concomitant loss of some of the multiple bond character of the P-C bond. The difference in energy between the two conformational isomers was calculated as ΔE con = E end-on -E side-on and gave values of +65.9 and +38.5 kJ mol -1 for PCO -and PCS -,respectively.Thisshowsthattheside-onbondingmodeisthermodynamically favoured for the PCX -ligands and not simply a result of crystal packing. The smaller ΔE con for PCS -relative to PCO -can be rationalised by considering the allene-like structure A of the side-on ligand. In both cases, there is a decrease in the P-C multiple bond character from the linear structure B, but there is also an increase in the C-X multiple bond character. It is simply less favourable to form multiple C=S bonds than C= O bonds as a result of the poorer overlap and energy match of the orbitals involved.
The pentacarbonyltungsten fragment is also an ideal fragment for the assessment of ligand properties by using IR spectroscopy. W(CO) 5 (PR 3 ) systems have been used extensively to study the bonding nature of phosphines as a safer alternative to those derived from the toxic Ni(CO) 4 used by Tolman in his seminal studies. [39, 44] The tungsten-carbonyl stretching frequencies for [W(CO) 5 The symmetry labels in Table 5 for the stretching frequencies are strictly for W(CO) 5 (L) structures with C 4v symmetry, in which case the B 1 frequency would not be visible in the IR spectrum. In all cases this is slightly relaxed, though the structures for 2 calcd. and 3 calcd. are very close, and the B 1 band is extremely weak. Structures 1 calcd. and 4a calcd. both have C s symmetry, which also lifts the degeneracy of the E band (separation less than 2 cm -1 ), so an average value is given. In all the experimental structures the symmetry is lowered by the interaction of the anion with the [K(18-crown-6)] + cation, so the anion can never truly be considered separately. However, all the anions are pseudo-C 4v and are treated as such for this discussion.
As can be seen in Table 5 , all of the ECX -ligands exert comparable effects on the IR spectra of complexes 1-4, despite significant variations in the coordination modes of the phosphorus-and nitrogen-containing species. The recorded CO stretching frequencies differ by no more than 12 cm -1 , which indicates that the net trans influence of the ligands is largely the same. These data and the 1 J W-C(trans) coupling constant values discussed earlier strongly suggest that the nitrogen-containing ligands, NCO -and NCS -, possess increased π-acceptor properties compared to those of their heavier phosphorus-containing analogues. This offsets their greater σ-donor ability, making the overall effect on the electron density of the metal centre comparable for all of the ligands studied.
Conclusions
We have extensively explored the ligand properties of PCO -compared to those of NCO -, both experimentally and computationally. We report the first synthesis of PCS -under ambient conditions, and the ligand study was extended to include ECS -(E = N, P).
We can confirm that PCX -species preferentially bind in a side-on manner, in contrast to their NCX -analogues. Further-more, the observation of weak 1 J W-P coupling constant values show that these bent conformations are maintained in solution and that terminal (linear) PCX -structures are largely unfavourable. This was further confirmed by DFT calculations.
Interestingly, a comparison of PCO -and NCO -ligands has shown that, while the two ligands exert a comparable trans influence on the carbonyl substituent (as evidenced by structural and IR spectroscopic data), this effect arises from the fundamentally different electronic properties of the ligands and their respective bonding modes. Thus, we conclude that PCO -is a significantly weaker σ-donor ligand than NCO -; however, as a result of both the coordination geometry of NCO -and its electronic structure, the increased π-acceptor properties give the two ligands the same net properties. Further studies on the coordination chemistry and reactivity of the coordinated PCX -anions are currently on-going and bode well for the generation of novel phosphorus-containing small molecules.
Experimental Section General Synthetic Methods and Reagents
All reactions and product manipulations were carried out under an inert atmosphere of argon or dinitrogen by using standard Schlenk or glovebox techniques (MBraun UNILab glovebox maintained at less than 0.1 ppm O 2 and less than 0.1 ppm H 2 O) unless otherwise specified.
Potassium cyanate (KOCN; Sigma Aldrich, 96 %), potassium thiocyanate (KSCN; Sigma Aldrich, ≥ 99 %), tungsten-hexacarbonyl [W(CO) 6 ; Acros Organics, 99 %], carbon disulfide (CS 2 ; Sigma Aldrich, anhydrous ≥ 99 %) and Me 3 NO·2H 2 O (Alfa Aesar, 98+%) were all used as received. 18-Crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane; Alfa Aesar, 99 %) and 2,2,2-crypt (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo [8, 8, 8 ]-hexacosane; VWR, 99 %) were used as received after careful drying under vacuum.
Tetrahydrofuran (THF; Fisher, HPLC grade) was distilled from a sodium/benzophenone mixture. Acetonitrile (Sigma Aldrich, CHROMASOLV ® gradient grade for HPLC, ≥ 99.9 %), hexane (Sigma Aldrich, HPLC grade) and toluene (Sigma Aldrich, HPLC grade) were purified by using an MBraun SPS-800 solvent system. [D 8 ]THF (Eurisotop >99.5 %) was dried with CaH 2 , vacuum distilled and degassed before use. All dry solvents were stored under argon in gas-tight ampoules. Additionally, hexane, THF, [D 8 ]THF and toluene were stored over activated 3 Å molecular sieves. 1,2-Dichlorobenzene , [21] [K(18-crown-6)][PCO] [12] and W(CO) 5 (MeCN) [45] were prepared according to literature methods. 
[K(18-crown-6)][W(CO) 5 (NCO)] ([K(18-crown-6)][2]):
W(CO) 6 (20 mg, 0.06 mmol), KOCN (4.6 mg, 0.06 mmol) and 18-crown-6 (15.0 mg, 0.06 mmol) were weighed into a small gas-tight ampoule and dissolved in THF (5 mL) to give a colourless solution. This was degassed once by means of the freeze-pump-thaw method. The solution was then stirred under irradiation from a mercury lamp (150 W) for 2 h. The bright yellow solution was subsequently transferred to a small Schlenk tube and concentrated in vacuo down to 2 mL. Slow diffusion of hexane into this solution yielded yellow crystals suitable for single-crystal X-ray diffraction, which were solved as [K (18- and 18-crown-6 (82.9 mg, 0.313 mmol) were dissolved in 1,2-DCB (5 mL) to give a yellow solution. CS 2 (18.9 μL, 0.313 mmol) was added with a microsyringe, and the mixture was stirred overnight to give an orange solution. 31 P NMR spectroscopy of a 0.5 mL aliquot showed quantitative conversion to [Na(18-crown-6)][PCS]. The volatiles were removed in vacuo to yield an orange solid. The solid was redissolved in 1,2-DCB (5 mL) and used to obtain crystals suitable for single-crystal X-ray diffraction, which were grown by slow diffusion of hexane into the 1,2-DCB solution of [Na (18- and slowly warmed up to room temperature. The solution went dark over the course of an hour. The reaction was monitored by 31 P NMR spectroscopy, which showed the growth of two new resonan-ces in addition to that of free PCS -, which have been attributed to products 4a (P-bound) and 4b (S-bound). After four days at room temperature, there were no signals in the 31 P NMR spectrum. Single crystals were grown by slow diffusion of hexane into a 1,2-DFB solution of a mixture of 4a and 4b, but the crystals exhibited extensive crystallographic disorder, which precluded any detailed analysis (CCDC-1412571). 31 31 P NMR spectra were externally referenced to 85 % H 3 PO 4 (δ P = 0 ppm). All spectra were obtained at 25°C. Data were processed by using the Bruker TopSpin 3.1 program.
IR spectroscopic data were recorded by using solid samples in a Nujol mull. Samples were prepared inside an inert-atmosphere glovebox, and the KBr plates were placed in an airtight sample holder prior to data collection. Spectra were recorded with a Thermo Scientific iS5 FTIR spectrometer in absorbance mode.
Single-crystal X-ray diffraction data were collected by using either an Oxford Diffraction Supernova dual-source diffractometer equipped with a 135 mm Atlas CCD area detector or an EnrafNonius kappa-CCD diffractometer equipped with a 95 mm CCD area detector. Crystals were selected under Paratone-N oil, mounted on micromount loops and quench-cooled with an Oxford Cryosystems open-flow N 2 cooling device. [46] Data were collected at 150 K by using mirror monochromated Cu-K α radiation (λ = 1.5418 Å; Oxford Diffraction Supernova) or graphite-monochromated Mo-K α radiation (λ = 0.71073 Å; Enraf-Nonius kappa-CCD). Data collected with the Oxford Diffraction Supernova diffractometer were processed by using the CrysAlisPro package, including unit cell parameter refinement and interframe scaling (which was carried out by using SCALE3 ABSPACK within CrysAlisPro). [47] Equivalent reflections were merged, and diffraction patterns were processed with the CrysAlisPro suite. For data collected on the Enraf-Nonius kappa-CCD diffractometer, equivalent reflections were merged and the diffraction patterns were processed with the DENZO and SCALEPACK programs. [48] Structures were subsequently solved by direct methods or by using the charge flipping algorithm, as implemented in the program SUPERFLIP, [49] and refined on F 2 with the SHELXL 97-2 package. [50] CCDC-1412564 (for [K (18- Computational Details: All DFT calculations were performed by using the Gaussian09 software package. [51] The B3LYP functional was used throughout, [52] with the 6-311+G(2df,p) basis set on all atoms except for tungsten, [53] which was treated with a Stuttgart/ Dresden Effective Core Potential (ECP). [54] Solvent interactions (tetrahydrofuran) were treated implicitly with a polarisable continuum model. [55] The nature of stationary points was confirmed by frequency analysis: in all cases all frequencies were real except for the geometries constrained to C 4v symmetry, each one of which displayed two imaginary frequencies. All quantum chemical results were visualised by using the Chemcraft 1.7 software. [56] 
